Knowledge of the gap function is important to understand the pairing mechanism for hightemperature (Tc) superconductivity. However, Fourier transform scanning tunneling spectroscopy (FT STS) and angle-resolved photoemission spectroscopy (ARPES) in the cuprates have reported contradictory gap functions, with FT-STS results strongly deviating from a canonical d x 2 −y 2 form. By applying an "octet model" analysis to autocorrelation ARPES, we reveal that a contradiction occurs because the octet model does not consider the effects of matrix elements and the pseudogap. This reaffirms the canonical d x 2 −y 2 superconducting gap around the node, which can be directly determined from ARPES. Further, our study suggests that the FT-STS reported fluctuating superconductivity around the node at far above Tc is not necessary to explain the existence of the quasiparticle interference.
The superconducting gap magnitude in a superconductor reflects the pairing strength of a Cooper pair, which is closely related to the transition temperature (T c ). Because of that, the experimental determination of the gap magnitude is vitally important to understand the mechanism of superconductivity. In a high-T c cuprate superconductor, the momentum (k) dependence of the gap has to be determined at the same time. However, two complementary leading tools for such information, angle-resolved photoemission spectroscopy (ARPES) and Fourier transform scanning tunneling spectroscopy (FT STS), have reported inconsistent gap functions. While all ARPES studies have consistently indicated the presence of nodal d x 2 −y 2 excitations below T c [1] [2] [3] [4] [5] [6] , FT-STS studies have reported finite gapless "Fermi arcs" [7] [8] [9] [10] [11] , which persists well above T c with no signature across the superconducting transition [12] . These momentum and temperature dependences of a FT-STS derived gap function also conflict with transport, and suggest a more complex nature for high-T c superconductivity. Given the high influence of these experimental tools and the issue of whether the superconducting fluctuation extends well above T c , it is important to ascertain the gap functional form for a successful development of a microscopic theory.
STS is a real-space (r-space) probe that can visualize k-space properties via FT STS. When quasiparticles scatter off impurities, a quasiparticle standing wave interference (QPI) pattern is formed in r-space, that modulates the density of states and is most clearly displayed in momentum transfer (q) space via the FT of the r-space image. In the octet model for d-wave superconductors [13] [14] [15] [16] , eight k-space points at the same energy on the Fermi surface (FS) within the first Brillouin zone are connected by seven vectors in momentum transfer (q) space q 1 to q 7 , which are associated with the superconducting gap size at the respective k-space points [7] [8] [9] [10] [11] [12] . We emphasize that FT-STS is reliant on the octet model to obtain the gap function, in contrast to the direct determination of the gap by ARPES.
It has been reported that STS matrix elements suppress the nodal region in k space [17] [18] [19] [20] . This could explain why the FT-STS gap function obtained from octetmodel analysis lacks information around the node [7] [8] [9] [10] [11] [12] . However, such matrix element effects have not been studied extensively because they are difficult to determine experimentally. A possible way to approach this issue is to investigate the autocorrelation (AC) of ARPES intensities in q space I AC (q, ω) = I(k, ω)I(k + q, ω)dk, which has been interpreted as joint density of states (JDOS) A(k, ω)A(k + q, ω)dk. Here, ARPES intensity is I(k, ω) = M (k, hν, A)A(k, ω)f (ω, T ) where M (k, hν, A) are matrix elements, A(k, ω) is the spectral function, and f (ω, T ) is the Fermi-Dirac function. While not the same, the theoretical similarity between JDOS and QPI has been pointed out [13] [14] [15] [16] and the experimental comparisons between FT STS and AC ARPES have supported it [21, 22] .
In this Letter, to obtain AC-ARPES intensities, we use an ARPES data set of nearly optimally doped Bi 1.5 Pb 0.55 Sr 1.6 La 0.4 CuO 6+δ (Pb-Bi2201, T c = 38 K, the pseudogap temperature T * ∼ 140 K) [23] . Here we stress that we choose an experimental condition where the nodal spectral intensities are suppressed by matrix elements [23] , utilizing the fact that matrix elements highly depend on incident photon energy and polarization [24] . This is similar to the STS theoretical expectation [17] [18] [19] [20] and thus allows us to discuss the STS observations, especially the FT-STS derived gap function. We show that the obtained AC-ARPES intensities are severely affected by the convoluted effect of intrinsic spectral widths, the pseudogap, and matrix elements. Eventually, applying the octet model, which does not take such effects into consideration, induces a form of the gap function that differs from ARPES but is very similar to the FT-STS [7] [8] [9] [10] [11] and temperature-dependent FT-STS [12] results. Our result reaffirms the d x 2 −y 2 superconducting gap function near the node below T c , which is consistent with previous ARPES studies [1] [2] [3] [4] [5] [6] .
The k-space ARPES intensities of Pb-Bi2201 at E F at different temperatures are shown in Figs. 
1(a)-(c).
At 172 K (> T * ), where no gap exists, the intensity near the node ∼(π/2, π/2) is very weak compared to the antinodal region ∼(π, 0) intensity. This confirms that the present experimental condition suppresses the nodal region intensity similar to the STS theoretical expectation [17] [18] [19] [20] . From these k-space ARPES intensities with strong matrix element effects, we obtain the q-space AC-ARPES intensities at different energies as shown in Figs.
, there exist high-intensity spots which can be attributed to the octet-model q vectors q 1 -q 7 at low binding energies ( < ∼ −20 meV). Here we define q 1 -q 7 as indicated in Fig. 1(d) , and these vectors can be associated with the vectors between the high-intensity spots in k space as exemplified in Fig. 1(a) . At higher binding energy, the existence of q 1 -q 7 becomes less clear and, instead, the broader spots defined as q * 3 and q * 5 appear[ Fig. 1(m) ]. Upon raising the temperature above T c , one can still see q 1 -q 7 as shown in Fig. 1 gies. These q vectors show weak but finite dispersions reflecting the bare band structure. Although the overall features look similar, this is different from the FT-STS observation of the energy independent q vectors at higher energy below T * . They have been associated with the density-wave-like pseudogap [25, 26] .
Applying the octet-model analysis to the extracted q 1 -q 7 at 10 and 45 K, as summarized in Fig. 2(g) and (h), the gap function and the minimum gap loci (MGLs) which reflect the FS shape can be reconstructed and compared to the results obtained from a direct ARPES analysis [23] . As shown in Fig. 3(a) , the two methods show a consistent FS shape for all temperatures although the MGLs from AC ARPES are limited to a more narrow region of k space. This suggests that q 1 -q 7 track the electronic properties approximately along the FS and the observation of q 1 -q 7 is because of the existence of a gap about E F as they are not observed above T * [Figs. 2(e) and (f)]. However, the gap anisotropies from the two methods show apparently different behaviors as seen in Fig. 3(b) . At T < T c , the ARPES derived gap anisotropies show a simple canonical d x 2 −y 2 form with point nodes at the zone diagonal consistent with the previous ARPES studies [1] [2] [3] [4] [5] [6] , while the octet-model analysis suggests the absence of the gap near the node (formation of a Fermi arc). In addition, the gap function near the antinode is lost. The AC-ARPES derived gap anisotropy does not abruptly change when crossing T c from below. The ungapped Fermi arc region becomes larger but the overall feature is maintained. This is well contrasted with the abrupt gap closing and the formation of the Fermi arc above T c in the ARPES derived gap function. While the two methods show inconsistent gap functions, the AC-ARPES derived gap function is very similar to the one from FT STS [7] [8] [9] [10] [11] [12] both in terms of a momentum and temperature dependences [12] .
We first discuss the most critical difference of the gap function around the node between the two methods. In the octet model, the canonical d x 2 −y 2 gap function expects the merger of q 1 -q 7 into 3 vectors at E F as indicated by the solid curves in Fig. 2(g) , as the gap is closed only at the node. This means that there exist at E F only 4 high-intensity spots at the nodes in the k-space image plot. However, even though we observed a gap closing only at the node from ARPES [23] , simultaneously, we clearly observed 8 high-intensity spots away from the node at E F as shown in Fig. 1(a) . They generate the 7 q vectors in the AC-ARPES intensities [ Fig. 1(d) ], and consequently, the MGL and gap function terminate before reaching the node, giving an apparent Fermi arc-like feature even below T c .
These seemingly contradictory observations in the same data (the gap closure at the node and the 8 highintensity spots at E F in k space) can be understood by considering the compounded effect of intrinsic spectral widths and matrix elements. Because of the spectral widths by lifetime broadening due to intrinsic and extrinsic scattering, outside the node, ARPES can have finite intensities at E F . If the k dependence of the matrix elements is strong enough as in the present experimental condition or STS theoretical expectation [17] [18] [19] [20] , these intensities away from the node can be stronger than those at the nodes, and eventually give 8 high-intensity spots even at E F .
To conclude, as we demonstrated, the q-space spectra both from AC ARPES and FT STS give an incorrect gap function, because the octet model relies on the q-space intensity variation and ignores the effects of intrinsic spectral widths and matrix elements. The similar but inaccurate gap function from AC ARPES and FT STS may be understood as a result of similar matrix elements. By manipulating matrix elements, it is further confirmed that the octet-model gap function is strongly influenced by matrix elements [23] . On the other hand, the gap function directly determined from ARPES does not suffer from matrix elements because each ARPES spectrum at a fixed momentum is evaluated individually and the relative intensities between different momenta do not affect the gap determination.
Our results suggest that the gap function in the antinodal region is affected by the existence of the pseudogap in addition to the effects discussed above. Interestingly, q 1 -q 7 are clearly observed even slightly above T c , similar to the recent FT-STS report [12] . This suggests that q 1 -q 7 are affected by the pseudogap physics, indicating that the observation of q 1 -q 7 is not sufficient to conclude whether the pseudogap is fluctuating superconductivity or competing order. Further, as shown in Fig. 3(b) , the AC-ARPES gap function changes continuously across T c , suggesting that the gap function from AC ARPES in the superconducting state [ Fig. 3(b) ] is also affected by the existence of the pseudogap, but the effect of the superconducting gap that opens on the Fermi arc is not strong. We may conclude that the existence of the QPI above T c does not necessarily require fluctuating superconductivity near the node, but could be consistent with fluctuating superconductivity in the antinodal region [27] . Moreover, the destruction of the octet-model features near the antinode is consistent with the suppression of the spectral weight [3, 28] and/or band renormalization in the antinodal region by the pseudogap [28] . The termination point may not be directly related to the antiferromagnetic zone boundary, as reported via STS [11] .
In summary, we showed that, unlike the ARPES extracted result, the gap function from AC ARPES as well as FT STS is inaccurate due to the compounded effect of intrinsic spectral widths, the pseudogap and matrix elements. Further, our results suggest the more general importance of such effects when investigating k-space electronic structure from r-and q-space information. This may reconcile ARPES and FT-STS results and suggests that the superconductivity is triggered by the superconducting gap opening on the Fermi arc with a simple d x 2 −y 2 functional form. This contradicts the STS proposal of superconductivity with the Fermi arc and with no sharp signature of a superconducting transition. It is likely that the observance of QPI above T c may mainly be caused by a gap in the antinodal region and the lack of sensitivity to states near the nodal region.
